Many observational studies of metal-poor stars that exhibit large excesses of r-process elements have been made in the past decade, and have provided useful constraints on modeling this process. Recent abundance studies have revealed the existence of extremely metal-poor stars that have large enhancements exclusively of the light neutron-capture elements, indicating that a nucleosynthesis process that efficiently yields these elements operated in the very early Galaxy. We review these recent measurements of light neutron-capture elements in the field halo stars, including the most iron-deficient star known, as well as stars in metal-poor globular clusters. The abundance pattern produced by this process and possible astrophysical sites are discussed. We also discuss a group of metal-poor stars that exhibit double enhancements of s-and r-process elements, which have been recently discovered through observations of carbon-enhanced metal-poor stars. Observational constraints on the corresponding processes responsible for this signature are presented.
Introduction
Chemical abundance studies based on high-resolution spectroscopy of very metal-poor stars in the past decade have revealed that a small fraction of these objects exhibit large excesses of neutroncapture elements, whose abundance patterns agree very well with that of the r-process component of solar-system material (e.g. CS 22892-052 [1] , CS 31082-001 [2] ). Very metal-poor stars are believed to have formed in the very early Galaxy, and the chemical composition of such objects were determined by the elemental yields of a few (or possibly a single) supernova nucleosynthesis events. The agreement of the abundance pattern of neutron-capture elements in very metal-poor stars with that of the r-process component in the Solar System suggests that the abundance pattern produced by the r-process is possibly unique. This phenomenon is referred to as the universality of the r-process, and has been confirmed at least for heavy neutron-capture elements (Ba-Ir) by the abundance measurements for several r-process-enhanced stars [3, 4, 5, 6, 7, 8] . This observational result has a large impact on studies of the mechanism and the astrophysical sites of the r-process.
Although abundance measurements have been extended to stars with lower metallicity by recent observations, r-process-enhanced stars are found only in the range of [Fe/H] −3 1 (e.g. Barklem et al. [9] ). In particular, the stars having extremely large overabundances of r-process elements (e.g. [Eu/Fe]> +1) appear at around [Fe/H]= −3.0. The metallicity distribution of the r-process-enhanced stars should reflect the characteristics (mass, metallicity, etc.) of the progenitor objects, although the astrophysical sites responsible for the r-process are still not understood (see the review on r-process nucleosynthesis by Wanajo & Ishimaru [10] ).
Recent abundance studies have also revealed the existence of objects that have quite different abundance patterns from that of the solar-system r-process component, in particular for light neutron-capture elements. Detailed abundance measurements for CS 22892-052 [11] showed that the abundances of the light neutron-capture elements (Sr-Cd) deviate from the r-process abundance pattern of the Solar System. This deviation is also found for other r-process-enhanced stars [12, 7] . Moreover, the abundance ratios between light and heavy neutron-capture elements (e.g. Sr/Ba) exhibit a large spread in very metal-poor stars [13, 7] . These observational results indicate the existence of a process (or processes) that produced significant amount of light neutron-capture elements, and have contributed to the r-process component of solar-system material. This process is sometimes referred to as the "weak r-process" [10] , while the r-process that creates the bulk of the heavy neutron-capture elements is called the "main r-process" [14] . In this paper, our recent observational studies of the production of light neutron-capture elements in the early Galaxy are reviewed, and constraints on models for this process obtained from these data are discussed.
The abundances of the actinides (such as Th and U) produced by the r-process are also of interest. The Th abundance of the r-process-enhanced star CS 22892-052 is well explained by the assumption that the initial abundance pattern of heavy neutron-capture elements, including the actinides, of this object is identical to that of the r-process component in the Solar System, with Th undergoing radioactive decay by a factor of two over the time since this element was formed (∼ 14 Gyr, that is, the age of the universe; [1, 6] . Similar results have been obtained for other r-processenhanced stars. However, a few stars exhibit Th abundances that are higher than the value expected from the above assumption (e.g., CS 31082-001 [2, 12] ; CS 30306-132 [7] ). Although the spread of the abundance ratios between the actinides and the stable heavy neutron-capture elements (e.g., Th/Eu) is not large (at most 0.4 dex), this factor is crucial when the abundance ratios are applied to obtain limits on stellar ages. This topic have been discussed extensively in the literature [7, 15] and in this volume [16] .
Another interesting result related to neutron-capture processes in the early Galaxy is found for carbon-enhanced metal-poor (CEMP) stars, the majority of which exhibit large excesses of s-process elements. The nucleosynthesis in thermally pulsing Asymptotic Giant Branch (AGB) stars is believed to be responsible for the s-process elements, in particular for those heavier than Ba (see a recent review by Herwig [17] ). Since the timescale for significant contribution of AGB nucleosynthesis to Galactic enrichment is longer than that of massive stars, the effect of the sprocess appears clearly in relatively metal-rich (young) stars. Therefore, the s-process-enhanced, very metal-poor stars are explained by a scenario that assumes mass transfer across a binary system; that is, the AGB star responsible for the s-process was once the primary of a binary system, and the yields were transferred to the envelope of its companion prior to the primary evolving to become a faint white dwarf. Detailed abundance measurements of neutron-capture elements have shown that a significant fraction of such objects also exhibit excesses of Eu, which is an almost pure r-process element in the Solar System. This result suggests a large contribution of r-process, as well as s-process, to such objects, and they are called "CEMP r/s stars" [18] . In section 5, recent observational studies for these stars are reviewed. Figure 1 shows the abundances of Sr and Ba measured for very metal-poor ([Fe/H]< −2.5) field halo stars and objects in the metal-poor ([Fe/H]∼ −2.3) globular cluster M15. Here Sr and Ba are regarded as elements representing light and heavy neutron-capture yields, respectively. Carbonrich stars, most of which show excesses of s-process elements and would be affected by mass transfer in binary systems, are excluded from the sample. Hence, the origin of Sr and Ba for the stars shown in the figure is expected to be solely due to the r-process.
Production of light neutron-capture elements in the early Galaxy
Inspection of Figure 1 indicates that (1) there is no object that has both a high Ba abundance and a low Sr abundance; (2) a large scatter of Sr abundances is found in stars with low Ba abundances [7, 19, 20] . These results are naturally explained by assuming two processes producing high and low Sr/Ba ratios. That is, one process that produces large amount of Sr with little Ba is responsible for the stars having high Sr and low Ba abundances, while the other process yields both elements in similar amounts, and formed stars with high Ba (and Sr) abundances. Since Sr is produced by both processes, all Ba-enhanced stars also show excesses of Sr. Moreover, the contribution of the latter process diminishes the spread of Sr abundances in Ba-enhanced stars.
The latter process, which produces heavy neutron-capture elements, corresponds to the main r-process (section 1). Although the astrophysical origin of Sr-enhanced stars is still unclear, this investigation clearly shows the existence of a process that efficiently yielded light neutron-capture elements at very low metallicity. For convenience, hereafter we regard this process as the weak r-process (section 1).
Aoki et al. [20] have suggested that the distribution of Sr and Ba abundances is dependent on the metallicity of the star. In the metallicity range [Fe/H]< −3.1, most objects have low Ba abun-
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Neutron-Capture Processes in the Early Galaxy Wako Aoki ). An important result of the above inspection is that Sr-enhanced stars exist at lower metallicity ([Fe/H]< −3), suggesting that the weak r-process operated even at extremely low metallicity, or that the process is related to supernova explosions that are responsible for the elements observed in extremely metal-poor stars. Since singly ionized Sr and Ba have very strong resonance doublet lines in the optical range, these two elements are preferable for investigating the abundance distribution of large samples of metal-poor stars, including objects with very low abundances of these elements. However, the accuracy of abundance measurements for Sr and Ba in stars is somewhat compromised when these lines are used, because strong absorption lines are less sensitive to abundance differences than weak lines. In particular, no weak Sr line that is ideal for abundance analysis exists in the optical range. Hence, for a more detailed investigation of the abundance distributions of light and heavy neutroncapture elements, Aoki et al. [20] consider the Y, Zr, and Eu abundances. Figure 2 shows the Y and Eu abundances for the field stars of their study, as well as stars in three metal-poor globular clusters (M15, M30, and M92).
Because of the relatively high detection limit of Eu lines, only stars with large abundances of heavy neutron-capture elements can be discussed. However, note that a spread of Y abundances is found in stars with low Eu abundances ([Eu/Fe]< −2). This indicates that the contribution of the
Neutron-Capture Processes in the Early Galaxy Wako Aoki weak r-process appears in these stars, although the main r-process also has clearly contributed. The two solid lines show the enrichment of these two elements by the main r-process (here we assume a fixed Y/Eu ratio of 5 for the yields) for two different initial Y abundances, which represents the variation of the contribution of the weak r-process (see Aoki et al. [20] for details). Most field stars appear between the two lines, implying that the abundance distributions are explained by the contributions of the two processes. The effect of the weak r-process also appears in these objects, as well as in the extremely metal-poor, Sr-rich, Ba-poor stars shown in Figure 1 . 2 Otsuki et al. [22] studied neutron-capture elements in six bright giants of the metal-poor ([Fe/H]∼ −2.3) globular cluster M15. The Sr and Ba abundances of these stars are plotted in Figure 1 . The neutron-capture elements in this cluster exhibit some abundance spread [23] , and the values are relatively high compared to field stars of similar metallicity. The Y and Eu abundances of these stars are shown in Figure 2 . We recently have extended the measurements to include two stars in M30 and another two in M92, whose metallicity is similar to M15. The results are also shown in the Figure. If there is no (or only a very small) contribution of weak r-process to the stars in these clusters, a correlation represented by the lower solid line should appear. The result is, however, that the Y abundances are higher than this line, indicating the contribution of the weak r-process to globular clusters, or their progenitors, as in the field halo stars (see Otsuki et al. [24] ).
Thus, the weak r-process generally contributes to metal-poor stars over a wide metallicity 
Neutron-Capture Processes in the Early Galaxy Wako Aoki range, although the contribution is not uniform. This suggests that the progenitor stars responsible for this process are different from those of the main r-process, which affects only a limited number of extremely metal-poor stars. Travaglio et al. [25] investigated the role of this process in Galactic chemical evolution, and estimate the contribution to the solar-system abundances of light neutroncapture elements to be on the order of 8-25%, depending on the elements under dicussion. 3 The role of this process appears to be quite significant in the early Galaxy.
The abundance pattern produced by the weak r-process
For modeling the weak r-process, observational constraints on the detailed abundance pattern produced by this process are vital. Unfortunately, however, the solar-system composition does not provide useful constraints, because the contribution by the main r-process is not well separated from the weak r-process. Hence, abundance patterns of very metal-poor stars that preserve the yields of this process provide a unique opportunity to examine model predictions. Stars having a high Sr abundance without the presence of a Ba excess are candidate targets for this study.
Honda et al. [26] obtained a detailed abundance pattern for neutron-capture elements in the very metal-poor ([Fe/H]= −2.7) star HD 122563, which has a relatively high abundance of light neutron-capture elements (log ε(Sr)= 0.1) and low abundances of the heavy ones (log ε(Ba) = −1.7, see Figure 1 ). This star is a very bright red giant (visual magnitude of 6.2), for which a number of abundance studies have been made. However, since heavy neutron-capture elements are less abundant in this object, a very high quality spectrum is required in order to obtain accurate abundance measurements. Most spectral lines of neutron-capture elements that are useful for abundance studies exist in the ultraviolet region, in which stellar flux rapidly declines and the transparency of the earth's atmosphere degrades. Honda et al. [26] obtained a very high quality ultraviolet spectrum of HD 122563 using the 8.2 m Subaru Telescope, and determined abundances of 19 neutron-capture elements, as well as upper limits for other five elements.
Such measurements were recently extended to another bright, very metal-poor red giant, HD 88609, by Honda et al. [27] . Figure 3 shows the abundance patterns of neutron-capture elements in these two stars, compared with that of the solar-system r-process component. If the pattern is normalized to the Eu abundance, these two stars clearly show large excesses of light neutron-capture elements compared to the solar pattern. Since these stars are very metal-poor and only one or a few massive stars and supernovae should have contributed to their chemical composition, the light neutron-capture elements of these stars can be regarded as representing the yields of the weak r-process.
The abundances of the elements with Z ∼ 46, which exist between the first and second abundance peaks produced by neutron-capture processes, would strongly constrain the nucleosynthesis models. Most r-process models with parameters that are not appropriate for production of heavy r-process elements (Z ≥ 52) predict a rapid decline of abundances after the first peak (Z ∼ 40). Some parameter range of r-process models could possibly reproduce the abundance patterns of HD 122563 and HD 88609 [26] . However, these objects are rather normal stars in the low metallicity range, in contrast to the r-process-enhanced stars (Figure 1) . Hence, fine tuning of the pa-
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Neutron-Capture Processes in the Early Galaxy Wako Aoki rameters of r-process models is unlikely to provide a solution for the origin of the weak r-process elements.
The abundance patterns of the heavy neutron-capture elements (Z ≥ 56) in the above two stars are similar to that of the solar-system r-process component. However, detailed inspection for these elements in HD 122563 [26] shows that the elemental abundances of this star more rapidly decrease with increasing atomic number than the abundances of the solar-system r-process component. This discrepancy is not fully explained by assuming a (small) contribution of the s-process. Honda et al. [26] argued that the abundances of heavy neutron-capture elements in this star possibly reflect the yields of the weak r-process. There is no established model for this process at present, and further measurements of neutron-capture elements for metal-poor stars like HD 122563 and HD 88609 are desired to reveal the abundance pattern produced by the weak r-process.
Neutron-capture elements in the most iron-deficient star HE 1327-2326
A clue to the astrophysical site for the production of light neutron-capture elements in the very early Galaxy was obtained from the recent discovery of HE 1327-2326, the most iron-deficient star known to date [28] . This star was identified as a candidate metal-poor star by the Hamburg/ESO survey [29] . High-resolution spectroscopy of this star was obtained in an ongoing observing program for candidate extremely metal-poor stars using the Subaru Telescope [30] to determine the detailed abundances [28, 31] . This star appears to be either a main-sequence or subgiant star, based on available photometric data and its measured proper motion. The Fe abundance derived by the detailed abundance analysis is [Fe/H]= −5.4, which is lower than the iron abundance of HE 0107-
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Neutron-Capture Processes in the Early Galaxy Wako Aoki 5240, the previously known most iron-poor star [32] , and more than one order of magnitude lower than those of other ultra metal-poor halo stars ([Fe/H] −4). The low iron abundance strongly suggests that this star formed from material that had been polluted by only a first-generation (massive) star and its supernova explosion. An important abundance property of this object is the large excess of light elements like carbon, nitrogen and sodium with respect to iron ([C/Fe]∼ [N/Fe]∼ +4 and [Na/Fe]∼ +2.5). To explain this peculiar abundance pattern, several models, including a supernova model involving the effects of mixing and fallback as parameters [33, 34] , stellar wind from rotating very massive stars [35] . This possibility should be investigated by obtaining the Ba abundance for HE 1327-2326, or a stronger upper limit for it, from higher quality spectra in future.
Another possibility to explain the overabundance of Sr is to assume that the weak r-process operates in the progenitor of this object. Indeed, as discussed in Section 2, overabundances of light neutron-capture elements are found in extremely metal-poor stars, whose heavy elements are believed to be provided by first generation massive objects. The r-process nucleosynthesis in jets of collapsars [36] or in the outflow from the gamma-ray burst objects [37] have been investigated. On the other hand, Fröhlich et al. [38] argued a possible production of heavy elements by the ν p process. Efforts to include such processes in the models proposed to explain the lighter elements in HE 1327-2326 are strongly desired.
Stars with double enhancements of s-and r-process elements
In this section we discuss recent observational results on the r/s stars. As mentioned in Section 1, all known examples of these stars are carbon-rich (hence they are often referred to as CEMP-r/s), and the excesses of s-process elements are attributed to the nucleosynthesis in thermally pulsing AGB stars. By way of contrast, the origin of the r-process elements, such as Eu, is still unclear.
The classification of such stars mostly relies on the Ba and Eu abundance ratios. The [Ba/Eu] ratios of the r-and s-process components in the Solar System are −0.7 and 1.0, respectively [39] . Beers & Christlieb [18] defined this class of objects to have 0.0 <[Ba/Eu]< 0.5. While the estimate of the s-process contribution is supported by the abundances of several elements other than Ba (e.g., La), the r-process contribution has been estimated only from the Eu abundances, although the abundances of elements from Gd to Lu also provide some constraints on the origin of neutroncapture elements for a limited number of stars [40] .
Aoki et al. [41] quite recently determined the abundances of Os and Ir, species that are located at the third peak of the r-process yields, for the CEMP star CS 31062-050, as well as upper limits
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Neutron-Capture Processes in the Early Galaxy Wako Aoki on their abundances for another CEMP star, LP 625-44. These stars are very metal-poor ([Fe/H]∼ −2.5) subgiants. Moreover, variations of radial velocities are detected in these stars, indicating that these stars belong to binary systems. Figure 4 compares the elemental abundance pattern of CS 31062-050 [42, 41] with the r-and s-process components of solar-system material, which are normalized to La. While the overall abundance pattern of heavy neutron-capture elements agree with the s-process abundance pattern, Eu shows a clear excess from that. The Os and Ir abundances are also much higher than the values of the s-process abundance pattern. Since Os and Ir are almost pure r-process elements, the result confirms a significant contribution of r-process to thes stars. It should be noted that the upper limits of Os and Ir abundances in LP 625-44 are lower than the abundances of these elements in CS 31062-050 [41] . The La/Eu ratio of LP 625-44 ([La/Eu]= +0.74) is also higher than that of CS 31062-050 (+0.33). Although these two stars have similar enhancements of carbon and neutron-capture elements, the processes responsible for their enrichment might be quite different.
Observational results for neutron-capture-enhanced stars are complied by Jonsell et al. [43] . One important fact is that a significant fraction of s-process-enhanced stars are r/s stars [43] , while the r-process-enhanced stars with no excess of s-process elements are quite rare among very metalpoor stars (∼ 5% [9] ). Another interesting result is that the r/s stars have larger enhancements of heavy neutron-capture elements on average than the stars having only s-process enhancements. These results suggest a close relation between the s-and r-processes that form the abundance patterns of r/s stars.
One interpretation for such r/s stars is to assume that the binary system including the low-mass star we currently observe was formed from a cloud polluted by a supernova that yielded r-process elements, and which might trigger the formation of next-generation, lower-mass stars. The sprocess elements were then provided by the former primary star during its AGB phase. However,
Neutron-Capture Processes in the Early Galaxy Wako Aoki this simple idea might not be able to naturally explain the two observational results mentioned in the previous paragraph. A possible alternative scenario for the r-process contribution is to assume pollution by rprocess-enhanced material on the surface of the low-mass star after the s-process has already occured. Wanajo et al. [44] proposed a model that the progenitor is an 8-10 M ⊙ star which operated the s-process during its AGB phase, followed by the r-process during the supernova explosion. However, it is not clear how much of the s-process material may be produced by such massive AGB stars [45] .
Thus, there is still no established model that explains the abundance patterns of r/s stars, nor their frequency of occurence. Further modeling of these stars, as well as more observational studies, are required for understanding the origins of these stars.
Summary and concluding remarks
Recent abundance studies for very metal-poor stars have uncovered a variation of the abundance patterns of neutron-capture elements produced in the early Galaxy. In this paper, observational studies for objects having large excesses in their light neutron-capture elements and the r/s stars have been summarized. These studies suggest that further variation of neutron-capture processes may result from future observations of larger samples. Further systematic surveys of extremely metal-poor stars, and detailed abundance measurements for selected stars are both strongly desired.
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